Background: IFN-gene induction in hepatitis C virus infected hepatocytes is not well defined. Results: IRF-3, IRF-7, and NF-B transcribe type III IFNs. Treatment with IFN-reduced HCV RNA and miR122. Conclusion: IFN-gene regulation in HCV-infected hepatocytes is similar to immune cells. IFN-may exert antiviral activity by down-regulating miR122. Significance: Hepatocytes can produce IFN-, which may be effective against hepatitis C virus.
Hepatitis C virus (HCV) infection in hepatocytes stimulates
innate antiviral responses including the production of type III interferons (IFN-), including IL-28A, IL-28B, and IL-29. However, the molecular mechanism(s) regulating the expression of IFN-genes in HCV-infected hepatocytes remains undefined. In this study, we examined regulatory elements involved in the induction of IFN-genes following HCV infection in hepatocytes and further determined the binding of specific transcription factor(s) to promoter regions of IFN-genes. Our studies reveal that the regulatory portion for IL-28A, IL-28B, and IL-29 genes is localized to a 1-kb region in their respective promoters. Notably, interferon regulatory factor (IRF)-3 and -7 are the key transcriptional factors for the induction of IL-28A and IL-28B genes, whereas NF-B is an additional requirement for the induction of the IL-29 gene. Ligation of Toll-like receptors (TLR) 3, 7, 8, and 9, which also activate IRFs and NF-B, resulted in more robust production of IFN-than that observed with HCV infection, verifying the importance of TLR pathways in IFN-production. Furthermore, the addition of IFN-to HCVinfected hepatocytes decreased viral replication and produced a concurrent reduction in microRNA-122 (miR-122). The decrease in viral replication was enhanced by the co-administration of IFN-and miR-122 inhibitor (miRIDIAN), suggesting that such combinatorial therapies may be beneficial for the treatment of chronic HCV infection.
Hepatitis C virus (HCV) 2 is a serious worldwide health problem, with more than 170 million people infected globally. HCV establishes persistent infection in 70% of infected individuals, leading to chronic liver inflammation, fibrosis, and cirrhosis (1) . Combination therapy of type I IFN with ribavirin is currently used for treating chronic HCV patients. Although the addition of viral protease inhibitors to this regimen has significantly improved treatment outcomes, their use is presently limited to one of several HCV genotypes, indicating the continued need for the development of antiviral agents. Type III IFNs (also known as IFN-) are the newest members of the IFN family and include IFN-1 (IL-29), IFN-2 (IL-28A), IFN-3 (IL-28B), and the most recent addition, IFN-4 (3, 4) . Notably, single nucleotide polymorphisms (SNPs) in the 3-kb promoter region of IL-28B strongly predict the sustained virological response to pegylated IFN-␣/ribavirin treatment in HCV patients. Therefore, IFN-might influence the responsiveness of patients to IFN-␣ therapy.
The IFNreceptor is a heterodimer composed of the ligand binding chain, IFN-R, and the accessory chain, IL-10R. The binding of IFNto its receptor induces interferon-stimulated genes such as IFIT1, MX1, CXCL10, and CXCL11, similar to the effect of type I IFN (5) . In contrast to widespread expression of the type I IFN receptor on multiple cell types, expression of the IFNreceptor is largely limited to epithelial cells, including hepatocytes, but is surprisingly absent from most hematopoietic cells (3). This restricted expression of the IFN-receptor suggests that IFN--based treatment may be less toxic when compared with IFN-␣/␤ therapy.
Recently, HCV infection in hepatocytes has been reported to induce IFN-production (6 -8) . Moreover, production of IL-28 by HCV-infected primary human hepatocytes resulted in the expression of interferon-stimulated genes, presumably through autocrine signaling via the IFNreceptor (8) . However, the molecular mechanisms for HCV-mediated induction of IFN-genes have not been well defined in hepatocytes. To this end, we found that HCV or poly(I:C), which mimics intracellular viral RNA, induced transcription of IFN-genes in human hepatoma cells and primary human hepatocytes. Expression of IL-28A and IL-28B genes in hepatocytes required IRF-3 and IRF-7, whereas expression of IL-29 gene was dependent upon IRF-3, IRF-7, and NF-B. Mutation of the binding sites for these transcription factors abolished IFN-gene expression, as did knockdown of IRF-3, IRF-7, and NF-B. Pro-duction of IFN-was increased following exposure to ligands of TLR3, -7, -8, and -9 when compared with HCV, confirming the importance of IRF-and NF-B-dependent pathways in IFNinduction. We also demonstrated that treatment of HCV-infected hepatocytes with IFN-suppresses miR-122 and HCV replication. In addition, co-treatment with IFN-and miR-122 inhibitor (miRIDIAN) resulted in a more pronounced suppression of HCV when compared with treatment with IFN-alone. These observations affirm the antiviral effects of IFN-and miR-122 inhibitors and suggest their use as potential alternatives to the current treatment for HCV infection.
EXPERIMENTAL PROCEDURES
Reagents-Antibodies to human IgG, IRF-3, IRF-7, NF-B p50 or p65 were purchased from Cell Signaling. siRNA to target IRF-3, IRF-7, RELA(NF-B p65), or control siRNA and miRIDIAN miR122 hairpin inhibitor and negative control #1 were purchased from Dharmacon. Toll-like receptor (TLR) agonists were purchased from InvivoGen. Recombinant human IL-28 and IL-29 were purchased from PeproTech.
Cells and Viruses-Cryopreserved primary human hepatocytes were purchased from Invitrogen. Primary human hepatocytes were cultured on collagen I-coated 24-well plates in Williams' E medium supplemented with 1% GlutaMAX and 1% penicillin/streptomycin and maintained with Williams' E medium supplemented with 1% GlutaMAX, dexamethasone, 1% penicillin/ streptomycin, insulin, transferrin, selenium complex, BSA, and linoleic acid. Liver biopsies from chronic HCV or control patients were generously provided by Dr. Hugo Rosen (University of Colorado), and patient information regarding the age, gender, and HCV genotype was as described previously (9) . The human hepatoma cell lines PH5CH8 and Huh 7.5.1 were maintained in DMEM with 10% FBS, penicillin/streptomycin (100 g/ml), L-glutamine (2 mM), and 1ϫ nonessential amino acids. The HCV JFH-1 strain was kindly provided by Dr. Wakita (Tokyo Metropolitan institute) and grown as described previously (10) .
Plasmid Construction-Promoter fragments were amplified by PCR, using primers generated from genomic sequences of the respective genes. Promoter length was determined from the translational start site. The PCR product was then cloned into pGL3-basic vector. Mutant constructs were generated using the QuikChange site-directed mutagenesis kit. Site-directed mutagenesis was introduced as follows (lowercase letters indicate mutated nucleotides): IL-28A⅐AP-1 (GCAGTTAGTCA changed to GCgcTTAacCA); IL-28A⅐IRF-1 (TTTCTCTTTC changed to cgTCTCcgTC); IL-28A⅐NF-B-1 (TGGGCTTTCCCA changed to TGttCTTTaaCA); IL-28A⅐IRF-2 (TTTCACTTTTC changed to cccCACcccTC); IL-28A⅐NF-B-2 (GGGACT-GCCC changed to GttACTGaaC); IL-28B⅐IRF-1 (GTTTCT-CTTT changed to GcccCTCccc); IL-28B⅐NF-B-1 (TGGGCTT-TCCCAG changed to TGcGCTaTggCAG); IL-28B⅐IRF-2 (GTT-TTCACTTTTC changed to GTcTcCACcTcTC); IL-28B⅐NF-B-2 (GGGACTGCCC changed to GcGACTGggC); IL-29⅐GATA-1 (CCTAATCTCAG changed to CagAATagCAG); IL-29⅐IRF (AGT-TTCTCTTTCCT changed to AGcccCTCcccCCT); IL-29⅐NF-B (TGGAAATTCT changed to TccAtATTgT). IRF-3 and IRF-7 plasmids were kindly provided by Dr. Shizuo Akira (Osaka University). NF-B and dominant negative IB constructs were designed as described previously (11) .
Transfection and Luciferase Assay-Cells (5 ϫ 10 5 ) were plated in 6-well plates and transfected with 1 g of luciferase reporter plasmid driven by the IL-28A, IL-28B, or IL-29 promoter and 10 ng of phRL-TK plasmid driven by HSV thymidine kinase promoter using Mirus transfection reagent (Mirus Bio Corp.) according to the manufacturer's protocol. Cells were cultured for 24 h and then stimulated for 6 h with poly(I:C) or infected for 12 h with JFH-1. In the cDNA expression plasmid experiment, a mixture containing 1 g of luciferase plasmid, 0.2 g of cDNA expression plasmid, and 10 ng of phRL-TK plasmid was transfected into the cells, which were then cultured for 24 h. Cells were harvested and lysed in 100 l of lysis buffer (Promega). For siRNA experiments, PH5CH8 cells were transfected according to the DharmaFECT Duo transfection reagent with 10 ng of phRL-TK plasmid and 1 g of luciferase constructs containing IFN-promoter plasmid in combination with 100 nM of IRF-3, IRF-7, RELA(NF-B p65), or control siRNA, respectively. At 36 h after transfection, cells were stimulated with poly(I:C) (50 g/ml) for 6 h or infected with JFH-1 for 12 h. Firefly and Renilla luciferase activities were measured by GLOMAX multidetection system. Firefly luciferase activity from the luciferase reporter vector was normalized to the Renilla luciferase activity from the phRL-TK vector. Data are the ratio of relative light units measured for luciferase activity to relative light units measured for Renilla luciferase activity. For miR-122 suppression activity, Huh 7.5.1 cells were transfected with 100 nM of negative control or miRIDIAN (miR-122 hairpin inhibitor) using DharmaFECT Duo transfection reagent. After 48 h of transfection, cells were infected with JFH-1 for 5 days. HCV-infected cells were stimulated with 100 ng of recombinant IL-28 and/or IL-29 for the indicated time course. Cells were harvested and analyzed for HCV mRNA. In each experiment, samples were analyzed in triplicate, and each experiment was repeated at least three times.
Real-time Quantitative PCR-RNA was extracted using the RNeasy kit (Qiagen) according to the manufacturer's protocol. Real-time RT-PCR was performed on an ABI Prism sequence detection system (Applied Biosystems). The primers used were as follows: IL-28A/B, 5Ј-AGTCGCTTCTGCTGAAGGAC-3Ј and 5Ј-TCCAGAACCTTCAGCGTCAG-3Ј; IL-29, 5Ј-CTGC-CACATTGGCAGGTTCA-3Ј and 5Ј-AGACAGGAGAGCT-GCAACTC-3Ј; GAPDH, 5Ј-ATGGCACCGTCAAGGCTGAG-3Ј and 5Ј-GCTAAGCAGTTGGTGGTGCA-3Ј. The results were normalized to GAPDH. For microRNA real-time PCR, microRNAs were reverse-transcribed using the TaqMan microRNA reverse transcription kit (Invitrogen) according to the manufacturer's protocol, with reverse transcriptase primers from hsa-miR-122 and U18 TaqMan microRNA assay kits. MicroRNA quantitative PCR reactions were assembled according to the TaqMan small RNA assay protocol with 2ϫ TaqMan master mix.
ELISA-IL-28 and IL-29 secretion (R&D Systems) in culture supernatants and HCV NS3 (BioFront Tec.) in cell lysates were analyzed by ELISA according to the manufacturer's protocol.
Chromatin Immunoprecipitation (ChIP) Assay-ChIP assay was performed as described previously (12) . Anti-IRF-3, anti-IRF-7, anti-NF-B, or normal rabbit IgG (Millipore) antibodies were used in immunoprecipitation experiments. Purified ChIP DNA was measured by real-time quantitative PCR using Platinum SYBR Green quantitative PCR SuperMix-UDG (Invitrogen). PCR conditions were 95°C for 10 min followed by 40 cycles consisting of 95°C for 30 s, 55°C for 30 s, and 72°C for 30 s. The level of ChIP DNA was normalized with that of input DNA. In each experiment, samples were analyzed in triplicate. The primers used were as follows: IL-28A/B, 5Ј-TGCT-CATCTGGCTCACTAGC-3Ј and 5Ј-GAGCTCTGTCTGGG-ATGTAA-3Ј; IL-29, 5Ј-CTTCCTCTCTGCCACTCAGG-3Ј and 5Ј-ACTGCTTCCCCAGCGGCATG-3Ј.
Statistical Analysis-Experimental results were analyzed for statistical significance (Student's t test or analysis of variance with Tukey's post test where appropriate). p values Ͻ0.01 were considered significant and are indicated in the figures.
RESULTS

Induction of IFN-Genes in HCV-infected Liver Tissue and
Human Primary Liver Cells-To determine the production of IFNat the site of HCV infection, we first examined the induc-tion of IFN-genes (IL-28A/B, IL-29) in liver biopsy specimens from healthy or HCV-infected patients by real-time quantitative PCR analysis. As shown in Fig. 1, A and B , transcription of IL-28A/B and IL-29 was significantly increased in HCV-infected patients when compared with healthy controls. To identify the kinetics and magnitude of IFN-gene induction, we assessed mRNA levels of IL-28A/B and IL-29 genes from human primary liver cells at various time points (0, 4, 12, 24, 48, and 72 h) after JFH-1 infection. The expression of IL-28A/B and IL-29 genes was maximally induced at 12 h after infection, which was likely due to the recognition of viral pathogen-associated molecular patterns and not a direct effect of viral replication ( Fig. 1, C and E) . Moreover, the expression of IFNgenes was specific to actively replicating HCV because UVtreated JFH-1 failed to enhance transcription of IL-28A/B and IL-29 ( Fig. 1, C and E) . These results were confirmed at the protein level as determined by ELISA ( Fig. 1, D and F) . IFN-mRNA and protein levels were also increased in the HCV-infected human hepatocyte cell line PH5CH8 (data not shown). Taken together, these results indicate that HCV induces IFNsynthesis during acute and chronic infection. Proximal Regulatory Elements Are Required for Transcriptional Activation at the Human IFN-Promoter-We next defined the critical regions upstream of the IFN-genes necessary for transcription by generating a nested series of deletion constructs of the human IFN-gene promoter. All constructs included the transcriptional start codon. These constructs were transfected into PH5CH8 cells with or without JFH-1 infection. After 12 h of infection, transcription of IL-28A, IL-28B, and IL-29 was determined by measuring luciferase activity. Although all promoter constructs were robustly responsive to JFH-1 infection, luciferase activity was noticeably increased with the addition of as little as 1.0 kb upstream of the putative start site (Fig. 2, A-C) . These results indicate that IFN-gene transcription induced by HCV infection is dependent on sequences present within this region. In addition, similar results were observed in PH5CH8 cells following treatment with poly(I:C), which mimics intracellular viral RNA (data not shown). It also implies that shared cis-elements in the proximal region are likely involved in regulating the expression of IFNgenes in response to HCV infection.
HCV-induced IL-28A/B and IL-29 Genes Are Differentially Regulated by IRFs and NF-B-Subsequent analysis within the 1.0-kb region of IL-28A/B and IL-29 gene regulatory domain uncovered specific transcription factor(s) involved in the induction of these genes. Although there was one putative AP-1 binding site and two putative IRF and NF-B binding sites on the IL-28A promoter, the IL-29 promoter contained one putative binding site each for GATA-1, IRF, and NF-B transcription factors (Fig. 3A) . To determine whether these distinct motifs were required for the transcription of IFN-in response to HCV or poly(I:C), we performed site-directed mutagenesis at each binding site. As shown in Fig. 3B , mutations in the AP-1, IRF, or NF-B binding sites resulted in little to no difference in IL-28A transcription. In contrast, mutation of the IRF binding motif closest to the transcription initiation site of IL-28A significantly decreased IL-28A transcription when stimulated with JFH-1 or poly(I:C) ( Fig. 3B) . Similar results were seen at the FEBRUARY 21, 2014 • VOLUME 289 • NUMBER 8
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IL-28B promoter (Fig. 3C ). Transcription of IL-29 was unaffected by mutating the GATA-3 binding site (Fig. 3D) ; however, mutation of the IRF and NF-B binding motifs produced a notable decrease in IL-29 transcription, which was drastically enhanced upon mutation of both binding sites. These results indicate that the induction of IL-28A and IL-28B gene expression in response to HCV and poly(I:C) is likely mediated through IRF, whereas both IRF and NF-B are required for transcription at the IL-29 locus.
To identify specific IRF and NF-B proteins involved in transcriptional regulation of IFN-genes, we co-transfected PH5CH8 cells with reporter constructs of the IL-28A, IL-28B, or IL-29 promoter and an individual vector containing NF-B p65, IRF-3, or IRF-7 and stimulated cells with poly(I:C). As shown in Fig. 4 , the induction of IFN-genes depends on poly(I:C) stimulation. The overexpression of IRF-3 (Fig. 4, B and E) and IRF-7 (Fig. 4, C and F) resulted in robust transcriptional activity at the IL-28A and IL-28B promoters following poly(I:C) stimulation when compared with control cells over-expressing NF-B with the promoter reporter construct alone (Fig. 4, A and D) . These results suggest that IRF-3 and IRF-7 are crucial for IL-28A and IL-28B transcription, whereas NF-B is dispensable for inducing IL-28A/B expression. In contrast, overexpression of the p65 subunit resulted in increased transcription at the IL-29 promoter, which was enhanced by the addition of poly(I:C) ( Fig. 4G) . Transfection with the dominantnegative mutant of IB kinase (IKK␤) inhibited poly(I:C)-mediated IL-29 transcription, confirming the essential role of NF-B in regulating IL-29 gene expression (Fig. 4H ). The contributions of IRF-3 and IRF-7 to the induction of IL-29 gene were verified by the increase in luciferase activity evident upon their overexpression following poly(I:C) stimulation (Fig. 4 , I and J). We also conducted parallel studies of IRF3, IRF7, and NF-B overexpression in HCV-infected hepatocytes and found similar, but less dramatic induction of IFN-when compared with stimulation with poly(I:C) (data not shown).
To further verify the role of IRF and NF-B in inducing IFNgenes by HCV infection, we employed siRNA gene silencing to (Fig. 5, A-C) . NF-B knockdown reduced IL-29 gene induction following either poly(I:C) stimulation or JFH-1 infection (Fig. 5C ), but did not affect the induction of IL-28A/B genes (Fig. 5, A and B) .
IL-28A/B and IL-29 Promoters Are Directly Bound by IRF-3⅐IRF-7 and IRF-3⅐IRF-7⅐NF-B, Respectively-To verify the recruitment and direct binding of IRF-3, IRF-7, and NF-B to the endogenous IFN-promoter, we performed chromatin immunoprecipitation (ChIP) assays on PH5CH8 cells that were stimulated with JFH-1 or poly(I:C) using antibodies directed against IRF-3, IRF-7, NF-B, or isotype control. As expected, IRF-3 and IRF-7 were recruited to the IL-28A and IL-28B promoters in response to JFH-1 and poly(I:C), whereas recruit-ment of NF-B was comparable with the isotype control (Fig. 6,  A and B) . However, recruitment of NF-B to the IL-29 promoter was markedly elevated in response to JFH-1 or poly(I:C) ( Fig. 6, C and D) . Indeed, NF-B bound the IL-29 promoter to the same extent as IRF-3 and IRF-7, confirming the contribution of all three transcription factors to the expression of IL-29 (Fig. 6, C and D) .
IFN-Treatment Decreases miR-122 Expression and Has Enhanced Antiviral Activity upon Co-treatment with miR-122
Inhibitor-miR-122, the most abundant microRNA in the liver, is known to facilitate HCV replication and translation (13) and regulates type I IFN signaling via epigenetic control of SOCS3 (14) . Based on previous studies demonstrating a potential role for IFNin regulating responses to IFN-␣ therapy (27) , we hypothesized that IFNmight exert its antiviral effects by modulating the expression of miR-122 in addition to triggering the induction of interferon-stimulated genes. To test this possibility, we first determined the time course of miR-122 and HCV RNA expression by infecting Huh 7.5.1 cells with JFH-1 for various time points (1, 3, 5, 7, 9, and 11 days) . miR-122 expression increased early in infection and peaked at day 3 after infection, whereas intracellular HCV RNA accrued to high levels starting at day 5 after infection (Fig. 7A ). Next, we determined whether treatment with IFNmight modulate the expression of miR-122 and found that IFNtreatment significantly decreased both miR122 and HCV RNA (Fig. 7, B and C) . Consequently, transfection of the miR-122 inhibitor, miRID-IAN, into HCV-infected cells for 36 h and subsequent treatment with IFNresulted in a more pronounced inhibition of HCV replication when compared with treatment with IFNalone (Fig. 7D ). In addition, a slight decrease in HCV NS3 protein upon treatment with miRIDIAN alone was also enhanced upon co-treatment with IFN- (Fig. 7E) . Collectively, these results identify a correlation between IFN-treatment and miR-122 levels, which likely reflects the decrease in viral burden.
Stimulation of Primary Human Hepatocytes with TLR Ligands Induces Robust IFN-Expression-Because IFN-elicits antiviral activity to limit HCV replication and engagement of TLRs with TLR ligands also activates IRF/NF-B, we examined the ability of various TLR ligands to stimulate IFNproduction in hepatocytes relative to HCV infection. Primary human hepatocytes were stimulated with a panel of TLR agonists (Fig.  8A ) for 24 h, and IL-28B and IL-29 production was then determined by ELISA. Ligation of TLR3, -7, -8, and -9 produced increased IL-28B ( Fig. 8B ) and IL-29 ( Fig. 8C) relative to JFH-1-infected hepatocytes. These results indicate that various TLR ligands are capable of triggering production of IFNand may have an important role in enhancing IFNproduction in vivo.
DISCUSSION
In this study, we identified the involvement of proximal regions of the IFN-promoter in HCV-induced expression of IFN-genes in hepatocytes and demonstrated that IRF-3⅐IRF-7 are required for IL-28A and IL-28B gene expression, whereas IL-29 gene induction requires NF-B in addition to IRF-3⅐IRF-7. Using human primary hepatocytes and the human hepatocyte cell line PH5CH8, we first determined that HCV infection and poly(I:C) stimulation are capable of inducing IL-28A, IL-28B, and IL-29 genes and the production of their proteins. We then established that IRF-3 and IRF-7 are essential for the transcription of IL-28A/B and IL-29 genes; NF-B was an additional requirement for the transcription of IL-29 upon HCV infection or poly(I:C) stimulation. Moreover, IFN-treatment in HCV-infected hepatocytes reduces miR-122 expression, and co-treatment of IFN-and miR-122 inhibitor results in increased suppression of HCV replication. Taken together, our results suggest that IFN--based immunotherapy would be a potential alternative to treat HCV patients.
The IFN-genes share a high degree of homology; the IL-28B gene shares sequence homology with the IL-28A gene (96%) and IL-29 gene (81%), suggesting that these genes might have evolved from a common ancestor (15) . This homology is reflected in our findings that overlapping regulatory factors dictate the expression of IFN-genes. However, in terms of transcriptional factors regulating the expression of IL-28A, IL-28B, and IL-29 genes, there are conflicting results between previous studies and our results: previous studies reported that IRF-7 alone was sufficient for the expression of IL-28A and IL-28B genes whereas IRF-3, IRF-7, and NF-B are required for the transcription of IL-29 in human myeloid and epithelial cells (16 -18) . For instance, regulation of the IL-29 gene is similar to the IFN␤ gene as they both require IRF-3 and IRF-7 in human monocyte-derived dendritic cells, whereas IRF-7 controlled IL-28A and IL-28B gene expression, which is similar to the transcription of the IFN-␣ gene (16) . These results were further verified by another study, demonstrating that IL-29 gene expression in LPS-stimulated human monocyte-derived dendritic cells required IRF and NF-B binding spatially separated elements in distal regions of the promoter (17) , in contrast to our results, which demonstrate the involvement of proximal regions (1 kb) of the promoter in HCV-induced production of IFN-. Furthermore, a recent study by Ding et al. (19) indicates that both NF-B and IRF-3 are required for transcriptional regulation of IL-28A/B genes in response to HCV genomic RNA in human alveolar basal epithelial cells (A549) infected with Sendai virus. Our results on the transcriptional regulation of IFNgenes in HCV-infected hepatocytes are similar to those previously identified in myeloid cells and other cells of epithelial origin (16 -18) . It is likely that this discrepancy in transcriptional regulation of IFN-genes may be due to cell-specific or stimulus-specific induction patterns of IFN-. It also implicates that certain cell types or inflammatory stimuli may be more efficient inducers of type III IFNs than others. . miR-122-dependent replication of HCV is suppressed by IFN-stimulation. A, Huh 7.5.1 cells infected with JFH-1 for the indicated number of days and HCV RNA or miR-122 levels were quantified by real-time PCR. The mean value of day 1 after infection was arbitrarily defined as 1 in -fold increase in HCV or as 10 in -fold increase in miR-122. Cells were infected with JFH-1 for 5 days and then replated in 6-well plates. After 24 h, the HCV-infected cells were stimulated with recombinant IFN-(100 ng) for 0 -48 h. HPRT, hypoxanthine-guanine phosphoribosyltransferase. B and C, the amount of HCV RNA or miR-122 was quantified by real-time PCR. D and E, similarly, HCV-infected cells were replated in 6-well plates after 5 days of infection. After 24 h, cells were transfected with miRIDIAN or negative control miRIDIAN (20 pmol) for 36 h and stimulated with or without IFN-(100 ng each) for 1-3 days. HCV RNA was quantified by real-time PCR (D), whereas HCV NS3 protein was measured by ELISA (E). Data shown are from one experiment and are representative of three experiment with similar results. Statistical significance is indicated by * (p Ͻ 0.01) and is relative to the control group that received no treatment. FIGURE 8. TLR3, -7, -8, and -9 induce human IFN-gene expression in human primary hepatocytes. Human primary hepatocytes were incubated with JFH-1, Pam3CSK4 (1 g/ml), Heat-killed Listeria monocytogenes (HKLM) (10 8 cells/ml), Poly (I-C) (5 g/ml), LPS (10 g/ml), flagellin (1 g/ml), FSL-1 (100 ng/ml), Imiquimod (1 g/ml), ssRNA (1 g/ml), or ODN2006 (5 M) for 24 h. A, Toll-like receptors (TLR) and their respective ligands. B and C, supernatants were harvested, and IL-28B (B) and IL-29 (C) were measured by ELISA. Data are the mean Ϯ S.D. of triplicate data points from one experiment. Results are representative of three independent experiments. Statistical significance is indicated by * (p Ͻ 0.01) and is relative to JFH-1 infection.
Because NF-B is uniquely required for the transcriptional regulation of the IL-29 gene but not for IL-28A and IL-28B genes, the production and action of IL-29 in pathogenic infections may differ when compared with those of other members of the type III IFN family. We further determined whether one or more subunits of NF-B were particularly relevant to its action at the IFN-locus. Using siRNA, we knocked down expression of p50 or p65 and measured the induction of the IL-29 gene. p65 knockdown significantly decreased IL-29 transcription in response to HCV and poly(I:C), whereas p50 knockdown showed no difference in IL-29 transcription in response to HCV and poly(I:C) (data not shown). These results indicate that the p65 subunit of NF-B is essential for its activity at the IL-29 promoter. Because NF-B was dispensable for the induction of IL-28A/B, the differential requirement for NF-B in IFN-gene expression indicates that IL-28A/B can be expressed without the simultaneous induction of IL-29. Given that NF-B is readily activated in infection, the significance of these divergent regulatory mechanisms continues to be an area of investigation and may be explained by the existence of other cis-and trans-regulatory elements that have yet to be discovered. Furthermore, it would be interesting to investigate the relevance of these regulatory mechanisms to the transcription of the most recent addition to the type III IFN family, IFN-4.
Because IFNexerts antiviral activity to limit HCV replication and IFN--based therapies could be utilized to treat HCV patients, it is important to define the specific cellular sources of IFNduring HCV infection. Because dendritic cells play a pivotal role in initiating innate immunity to pathogenic infections, they are robust producers of IFNs and are well equipped for this task due to their expression of a wide range of pattern recognition receptors that sense conserved microbial motifs known as pathogen-associated molecular patterns. TLRs are well studied among pattern recognition receptors and are expressed both at the cell surface and within endocytic compartments (20) . Interestingly, IFNwas shown to enhance TLR-mediated antiviral immunity; TLR3 or TLR9 agonist treatment of IFN-R1-deficient mice significantly reduced antiviral activity when compared with normal mice (21) . Our results demonstrate that ligation of TLR3, -7, -8, and -9 results in robust production of IL-28B and IL-29 relative to JFH-1-infected hepatocytes (Fig.  8) . Therefore, it is likely that HCV-activated TLR ligands also induce production of IFNin hepatocytes to activate antiviral programs in infected and neighboring uninfected cells.
IFNs represent the first line of defense against viral pathogens and act both directly on viral replication and indirectly through activation of host immune response genes (22) . Previous studies report that numerous viruses including herpes simplex virus 1, influenza A virus, HIV, hepatitis B virus (HBV), and HCV are sensitive to the antiviral effects of IFN- (23) (24) (25) . Antiviral activity of IFNhas also been demonstrated against HCV using both HCV replicon and cell culture infectious virus model systems in hepatocellular carcinoma cells, affirming that IFNis a potent antiviral cytokine against human hepatotropic viruses (22) . We observed that IFN-gene expression is enhanced in patients with chronic HCV (Fig. 1, A and B) , suggesting that the amount of endogenous IFNproduced is insufficient to clear virus or that the immune evasion strategies of HCV are effective in overcoming the antiviral effects of IFN-. However, we also demonstrate that treatment of HCVinfected hepatocytes with exogenous IFNnot only reduced intracellular viral content, but also suppressed expression of miR-122, which is known to enhance HCV replication and translation ( Fig. 7 ). However, it is possible that the decrease in miR-122 may be secondary to the decrease in viral RNA rather than a direct effect of IFNon inhibiting miR-122 synthesis. Moreover, given that miR-122 has been reported to block type I IFN signaling, the net decrease in miR-122 suggests that IFNmight trigger an antiviral state in HCV-infected hepatocytes both through classical IFN-stimulated pathways and through direct or indirect down-regulation of host factors necessary for HCV replication (26) . Although a precise role of IFN-in regulating the expression of miR-122 needs to be determined, the enhanced inhibition of HCV replication upon the addition of IFN-and miRIDIAN, an miR-122 inhibitor, suggests that the two agents may act in concert to limit HCV infection.
In conclusion, we demonstrate that HCV infection induces transcription of IFN-genes in human hepatocytes, indicating that the contribution of hepatocytes to the antiviral state in HCV infection is regulated in a manner similar to immune cells and other epithelial cells. Despite some understanding of IFNgene regulation, several questions regarding the mechanisms dictating IFNproduction and activity remain to be addressed, including the identity of additional regulatory elements and the functional significance of differential expression of IL-28A/B and IL-29. Accordingly, further studies are necessary for better understanding of IFNbiology as it may have a significant impact on major chronic inflammatory diseases such as hepatitis C.
